A c c e p t e d M a n u s c r i p t 2 KEY WORDS Biochemical markers of bone turnover, menopause, osteoporosis, general population studies ABSTRACT Context. Bone turnover increases rapidly during the menopause transition (MT), and plateaus above premenopausal levels in early postmenopause. It is uncertain whether higher bone turnover is associated with fracture in midlife women with near-normal bone mineral density (BMD). Objective. Examine whether faster increases in bone turnover during the MT (2 years before to 2 years after the final menstrual period [FMP]), and greater bone turnover during early postmenopause (>2 years after the FMP) are risk factors for subsequent fracture, accounting for BMD. Design and Setting. The Study of Women's Health Across the Nation, a longitudinal cohort study of the MT. Participants. 484 women (initially pre-or early perimenopausal, who transitioned to postmenopause) with bone turnover (urine collagen type I N-telopeptide [U-NTX]), BMD, and fracture data. Main Outcome Measure. Incident fracture after the MT.
INTRODUCTION
Bone turnover increases rapidly during the menopause transition (MT), and plateaus above premenopausal levels in early postmenopause (1-4). Using a time relative to final menstrual period (FMP) approach, the Study of Women's Health Across the Nation (SWAN) reported that bone turnover begins to increase 2 years before the FMP, rises rapidly for the next 4 years, peaks 2 years after the FMP, and plateaus thereafter (1). Prior longitudinal studies of women demonstrated that bone turnover (assessed by bone histomorphometry) doubles from before to after the FMP (2), leading to alterations in bone microarchitecture that diminish bone strength (e.g., decreased trabecular number, increased trabecular spacing, conversion of trabecular plates to rods, and decreased connectivity) (5) .
While it is widely appreciated that increased bone turnover and the resulting damage to bone microarchitecture is associated with fracture in older postmenopausal women, there is less certainty about whether faster increases in bone turnover during the MT, and greater bone turnover in early postmenopause are similarly associated with fracture in midlife women (6) (7) (8) (9) (10) (11) (12) (13) (14) . One reason for this uncertainty is that while older postmenopausal women have already lost a substantial amount of bone mineral density (BMD) (15) , younger women in their 40s and 50s still have near-normal BMD. For example, by the ages of 60-69 and 70-79, 12.3% and 25.7% of women will have developed densitometric osteoporosis, respectively (15) . In contrast, BMD values in healthy, community-based samples of early postmenopausal women do not warrant consideration of pharmacologic treatment despite average cumulative declines of 7.5 and 5.3% in the lumbar spine (LS) and femoral neck (FN) BMD during the MT (16) .
The objective of this study was, therefore, to examine whether increased bone turnover assessed during the MT or early postmenopause is directly linked to subsequent fracture. We had two research questions: Q1) Are faster increases in bone turnover during the MT (operationalized as 2 years before to 2 years after the FMP, when bone turnover increases rapidly) associated with incident fracture in postmenopause; and Q2) Does greater bone turnover, assessed once in early postmenopause (2 or more years after the FMP, when MT-related bone turnover has plateaued above premenopausal A c c e p t e d M a n u s c r i p t 6 levels) predict subsequent fracture? If, indeed, faster increases in bone turnover during the MT and greater bone turnover in early postmenopause are risk factors for fracture, the clinical implications could be substantial: early, short-term anti-resorptive therapy during these critical time periods might prevent permanent damage to bone microarchitecture, and thereby decrease the risk of future fracture (17) .
This study was conducted in the Study of Women's Health Across the Nation (SWAN), a longitudinal study of the MT in a multi-racial/ethnic cohort of community-dwelling women. We used previously collected bone turnover marker, BMD, and fracture data from SWAN to address our questions. In SWAN, the bone turnover marker that was available to us was urine collagen type I N-telopeptide (U-NTX), a bone resorption marker that is correlated with histomorphometric indices of bone turnover (18) .
MATERIALS AND METHODS
SWAN is a multi-center, longitudinal cohort study of the MT in an ambulatory cohort of multiracial/ethnic women (19) . At study baseline, participants were between 42 and 52 years of age; in premenopause (regular menstrual bleeding in the past year) or early perimenopause (less predictable menstrual bleeding at least once every 3 months); had an intact uterus with >1 ovary; and were not taking exogenous sex steroid hormones. The entire SWAN cohort consisted of 3,302 participants recruited from seven clinical sites (Boston, MA; Chicago, IL; Detroit, MI; Pittsburgh, PA; Los Angeles, CA; Newark, NJ; Oakland CA). The SWAN Bone Cohort was a subset of 2,407 participants from five sites, which excludes Chicago and Newark (where bone assessments were not performed).
Participants provided written informed consent, and each site obtained institutional review board approval.
Study Sample Derivation
In order to test the rate of increase in bone turnover during the MT and bone turnover level in early postmenopause as risk factors for incident fracture in postmenopause, participants had to have a A c c e p t e d M a n u s c r i p t 7 known FMP date, and bone turnover marker measurements at two time points: once around the start of the MT (when bone turnover begins to increase, 2 years prior to the FMP), and again in early postmenopause (just after bone turnover peaks at plateaus 2 years following the FMP). To allow for observation of incident fracture after the second bone turnover marker measurement, women additionally needed to have at least one additional follow-up visit after that measurement. From the 2,407 SWAN Bone Cohort participants, we excluded participants if they: 1) did not have a known FMP date (N=1,214); 2) did not have the requisite two bone turnover marker measurements (at the start of the MT and in early postmenopause) (N=588); 3) initiated a bone-modifying medication before early postmenopause (sex steroid hormones, oral glucocorticoids, aromatase inhibitors, chemotherapy for breast cancer, and osteoporosis medications [bisphosphonates, selective estrogen receptor modulators, calcitonin, parathyroid hormone]) (N=79); 4) sustained a fracture during the MT (N=28); and 5) did not have follow-up after the second bone turnover assessment (N=14). This left us with a study sample of 484 women.
Outcome: Time to First Fracture after the MT
During each SWAN follow-up visit, fractures since the previous visit were self-reported using standardized questionnaires. The number of fractures, body site(s) affected, and how fractures occurred were also recorded. Fractures were considered to be minimum-trauma if they did not occur after a fall from a height of 6 inches or more, a motor vehicle accident, moving fast (e.g., skating), playing sports, or from impact with heavy or fast-moving projectiles. SWAN did not collect dates of fractures during the first 6 follow-up visits; dates were thus imputed using the midpoints between the participants' previous and index visits. SWAN began collecting the date of fracture at visit 7. Also starting at visit 7, medical records were obtained to adjudicate fractures; since inauguration of adjudication, 95% of self-reports were confirmed. We did not include craniofacial and digital fractures in our analyses. To optimize power, however, we included minimum-and non minimumtrauma fractures as both fracture types are associated with low BMD (20) . The primary exposures in our analyses were: 1) rate of increase in bone turnover during the MT; and 2) first available bone turnover assessment in early postmenopause. Bone turnover was assessed using the bone resorption marker, urine collagen type I N-telopeptide (U-NTX). Participants provided fasting, non-first voided urine samples before 10AM. Specimens were then stored at local study sites at -20 to -80 degrees Celsius for up to one month, after which they were shipped to the Central Lab (Medical Research Laboratories, Highland Heights, KY) and stored at -80 degrees Celsius. SWAN measured U-NTX using the Osteomark competitive inhibition enzyme immunoassay (nM BCE;
Osteomark, Ostex International Inc., Seattle WA; inter-assay CV <12%; intra-assay CV <8%).
Urinary creatinine was measured using the Cobas Mira autoanalyzer (mM; Horiba ABX, Montpellier, France; inter-assay CV 4.1%; intra-assay CV 0.6%). U-NTX was expressed as a ratio to urinary creatinine (nM BCE/mM Cr).
Covariates
Risk factors for fracture that are similar to those in the FRAX Fracture Assessment Tool, and also recorded in SWAN, were included as covariates in analyses. These included age (years), race/ethnicity, body mass index (BMI, calculated as weight in kilograms/[height in meters] 2 ), current cigarette use (yes/no), prior fracture (in this case, before the MT: yes/no), and BMD. Each of these variables was collected at every SWAN visit using standardized self-report or interview forms.
Anthropometrics were ascertained using standardized and quality-controlled protocols (19) and Oakland upgraded to the 4500A models. To develop cross-calibration regression equations, each site obtained duplicate scans using the old and new hardware in 40 volunteers within a maximum of 90 days. To determine the short-term in vivo precision error, each study site measured LS and FN BMD twice in 5 women with complete subject repositioning between duplicate scans. Using the root mean square SD approach, the precision error in SWAN was 1.4% at the LS and 2.2% at the FN. An anthropomorphic spine phantom was circulated between sites for cross-site calibration. Standard quality control phantom scans were conducted before each BMD measurement session. If necessary, these were used to adjust for longitudinal machine drift.
Statistical Analysis
Descriptive statistics for all variables were generated and distributions of continuous variables were assessed for normality.
Our first set of analyses examined whether faster increase in bone turnover during the MT, defined as the 4-year period starting 2 years before the FMP and ending 2 years after the FMP, was associated with greater hazard of incident fracture in postmenopause ( Figure 1 ). In women who entered SWAN prior to their MT (i.e., at least two years before their FMP), the rate of increase in bone turnover during the MT was calculated as the total increase in U-NTX from the last visit before the MT to the first visit after the MT (early postmenopause) divided by the number of years spanning the MT. Based on prior analyses, bone turnover does not increase significantly before or after the MT (1). In participants who were already within two years of their FMP at SWAN inception (i.e., entered SWAN during their MT), the rate of increase in bone turnover during the MT was calculated as the increase in U-NTX from the baseline visit to early postmenopause, divided by the number of years from baseline to the end of the MT. We then used Cox proportional hazards regression with time to first fracture (clock starting at the time of the U-NTX measurement in early postmenopause) as the outcome, and rate of increase in U-NTX during the MT as the primary predictor. Covariates were obtained with the second U-NTX measurement. Our base model included the following covariates: age (years), race/ethnicity, BMI (kg/cm 2 ), history of fracture before the start of the MT (yes/no), smoking status The objective of our third set of analyses was to compare the contributions of rate of bone turnover increase during the MT and absolute bone turnover level in early postmenopause to the hazard of incident fracture in postmenopause. First, we classified the rate of increase in bone turnover during the MT as fast or slow based on whether the rate was greater or less than the median rate, and classified bone turnover in early postmenopause as high or low based on whether the measured level was greater or less than the early postmenopausal median. We then examined membership in the 4 groups (slow increase and low turnover level; fast increase and low turnover level; slow increase and high turnover level; fast increase and high turnover level) as predictor of time to fracture in A c c e p t e d M a n u s c r i p t 11 postmenopause (with clock staring at the second U-NTX measurement) using Cox proportional hazards regression, and controlled for study site and race/ethnicity. We limited the number of covariates in this exploratory analysis because the 2 discordant groups (fast increase and low turnover level; slow increase and high turnover level) were small, reflecting the correlation between rate of increase in bone turnover and bone turnover level in early postmenopause. Also because of this correlation, and the modest number of fractures in this younger cohort, we did not have sufficient power to examine the rate of increase in bone turnover during the MT and bone turnover level in early postmenopause as continuous predictors in the same model.
RESULTS

Participant Characteristics
The study sample was composed of 484 women, 23.3% of whom were Black, 16. 5.6% of participants had sustained a fracture (traumatic or fragility) prior to the start of the MT. All of these fractures occurred at least more than 1 year prior to the start of the MT (defined as 2 years prior to the FMP). BMI, smoking status, and BMD at the start of the MT and at the visit in early postmenopause are summarized in Table 1 .
Rate of Increase in Bone Turnover During the MT and Subsequent Fracture
Bone turnover marker (U-NTX) measurements were normally distributed at both the start of the MT Among the 484 participants, a total of 65 incident fractures occurred after the early postmenopausal visit (the visit at which the early postmenopausal bone turnover marker was obtained). Thirty eight (58.5%) of these fractures were categorized as minimum-trauma. Fractures occurred at the following sites: foot (N=14); ankle (N=13); wrist (N=11); leg above the ankle (N=10); arm above the wrist (N=8); ribs (N=7); spine (N=1); and hand (N=1). Mean (SD) duration of the observation period was 8.5 (2.9) years; therefore, on average, this analysis followed participants into their early 60s.
After adjustment for age, race/ethnicity, BMI, current cigarette use, fracture before the MT, and study site in Cox proportional hazards regression, each SD increment in rate of increase in U-NTX during the MT was associated with a 24% greater hazard of incident fracture in postmenopause (p=0.008) ( Table 2 ). The Spearman rank correlations between the rate of increase in U-NTX during the MT with LS and FN BMD in early postmenopause were -0.12 (p=0.005) and -0.11 (p=0.01), respectively. The respective correlations between rate of increase in U-NTX with concurrent rates of decrease in LS and FN BMD were 0.28 (p<0.0001) and 0.17 (p=0.0003). The rate of increase in U-NTX remained a significant predictor even after additional adjustment (in separate models) for absolute BMD at the LS or FN in early postmenopause, and rate of change in BMD during the MT at the LS or FN ( Table 2) .
First Available Assessment of Bone Turnover in Early Postmenopause and Subsequent Fracture
Greater U-NTX in early postmenopause (after U-NTX peaks and plateaus) was also associated with future fracture (Table 3 ). Each SD increment in the first available U-NTX measurement in early postmenopause was associated with a 27% greater hazard for incident fracture in postmenopause 
Rate of Increase in Bone Turnover During the MT vs. Absolute Bone Turnover Level in Early Postmenopause and Subsequent Fracture (Exploratory Analyses)
Of the 484 women in the sample, 181 women had both slow increase in U-NTX during the MT (rate less than +2.9 nM BCE/nmM Cr per year) and low early postmenopausal U-NTX (early postmenopausal U-NTX less than 45.6 nM BCE/mM Cr), and served as the reference group. The 3 comparator groups had 61 participants in the fast increase/low turnover group, another 61 in the slow increase/high turnover group, and 181 in the fast increase/high turnover group. Compared to the referent group (slow increase/low turnover), women in the fast increase/high turnover group had 80% greater hazard for incident fracture in postmenopause (p=0.04) after adjusting for race/ethnicity and study site. Women in the fast increase/low turnover group had 54% greater hazard for fracture compared to the referent group, but the association did not reach statistical significance (p=0.2).
Women with slow increase/high turnover did not have greater hazards for fracture compared to referent women (Table 4 ).
DISCUSSION
The objective of this study was to determine if faster increases in bone turnover during the MT or greater bone turnover assessed once in early postmenopause are risk factors for fracture in the years after early postmenopause, when BMD remains relatively preserved (compared to older women). We report that faster increases in bone turnover during the MT and greater bone turnover in early postmenopause are both associated with fracture, even after accounting for change in BMD during the MT or absolute BMD in early postmenopause. An association between increased bone turnover and fracture in older, postmenopausal women is well established (6) (7) (8) (9) (10) (11) (12) (13) . One prior study in SWAN reported that greater bone turnover in pre-and early perimenopause was associated with incident fracture (14) . This current study extends that prior work to directly link the rate of increase in bone turnover during the MT and bone turnover in early postmenopause to subsequent fracture. The clinical Downloaded from https://academic.oup.com/jcem/advance-article-abstract/doi/10.1210/clinem/dgz281/5678661 by bibliotheque interuniversitaire de medecine user on 17 December 2019 A c c e p t e d M a n u s c r i p t 14 implication of these findings is that the MT and early postmenopause could be opportune times for early, short-term anti-resorptive therapy to lessen a woman's risk of future fracture (17) .
Our finding that faster increases in bone turnover during the MT (and greater bone turnover in early postmenopause) are significant risk factors for incident fracture, even after adjustment for rate of BMD decline, supports the thesis that non-BMD factors contribute to loss of bone strength during the MT (2, 3, 21) . Indeed, prior bone histomorphometry and epidemiologic studies have demonstrated that bone remodeling activation frequency doubles during the MT (2), and is associated with changes in bone microarchitecture that are associated with diminished fracture resistance (e.g., decreased trabecular number, increased trabecular spacing, conversion of trabecular plates to rods, decreased trabecular connectivity, trabecular perforation, and greater number of stress risers) (2, 5, 7, 22) .
Increased bone turnover may also contribute to suboptimal bone material properties (7) and decreased bone size (23) . Our study contributes to the current body of literature by directly linking faster increases in bone turnover during the MT and greater bone turnover in early postmenopause to fracture despite BMD not being near osteoporosis levels. Of note, some conditions characterized by greater bone turnover, e.g., after cessation of denosumab (24) or pregnancy (25) , are commonly associated with vertebral fractures. Whether increased bone turnover contributes to vertebral and appendicular fractures through the same mechanisms is uncertain.
On an exploratory basis, we also examined the relative contributions of rate of increase in bone turnover during the MT vs. absolute bone turnover level in early postmenopause with subsequent fracture in postmenopause. We found that women with the greatest hazard for fracture had both a high rate of increase in bone turnover and high bone turnover in early postmenopause, suggesting that both are risk factors for fracture. However, the hazard ratio for fracture in these women (HR 1.80) was similar in magnitude to that in women with a high rate of increase in bone turnover but low early postmenopausal bone turnover (HR 1.54). Based on these findings, we hypothesize that the rate of increase in bone turnover may be more important than absolute bone turnover level in early postmenopause. Because the rate of increase in bone turnover and bone turnover level were A c c e p t e d M a n u s c r i p t 15 correlated, and the number of fractures in this young study cohort was low, we did not have sufficient power to discern whether each predictor was associated with fracture independent of the other.
While some investigators have long proposed that the MT and early postmenopause may be timelimited windows for early anti-resorptive therapy (17) , this approach has not gained widespread acceptance, in part, because women in their 40s and 50s have near-normal BMD (16) . Up to this point, it has been uncertain whether the increase in bone turnover, loss of BMD, and deterioration in bone quality during the MT is sufficient to impact risk of future fracture, and warrant early intervention. Our study suggests that, faster increases in bone turnover during the MT and greater bone turnover in early postmenopause do indeed increase a woman's risk for fracture. While clinical trials to test the efficacy of early intervention are still multiple research steps away, it is worthwhile to consider whether there are interventions that could prevent rapid increases in bone turnover during the MT and early postmenopause. "Rapid offset" agents, such as denosumab (24, 26) , are not suitable because stopping these medications leads to rapid loss of BMD that can exceed prior gains.
Bisphosphonates, however, can prevent BMD decline in perimenopausal women (27) ; zoledronic acid, in particular, is intriguing because a single dose maintains BMD for at least 36 months (28) .
This study has several limitations that warrant mention. The first is that we used U-NTX as a marker of bone turnover because it was available to us in the SWAN dataset. While U-NTX was commonly measured in 1996 when SWAN was initiated, serum collagen type I C-telopeptide (S-CTX) and procollagen type I N-terminal propeptide (S-PINP) are now recommended as reference bone turnover markers for clinical studies (18) . However, this recommendation is principally based on the need to create international reference databases and universal standards for use in clinical applications (18) . U-NTX measurements using the Osteomark assay yield different values from those obtained by automated immunoassay analyzers (29) . Despite these constraints, we consider our bone turnover assessments to be acceptable because our study's objective was not to create clinical thresholds or tools, but to demonstrate the physiologic importance of bone turnover during the MT on future A c c e p t e d M a n u s c r i p t 16 fracture risk. A second limitation is that while fractures of the spine and hip are associated with the greatest morbidity and mortality (30, 31) , the majority of fractures sustained in our younger study cohort occurred at appendicular sites. Identifying risk factors for these fractures is clinically important, as these fractures are associated with 2-fold greater odds of osteoporotic fractures in older age (32) . Lastly, we did not have a sufficient number of fractures to examine the association between bone turnover and each fracture type.
To summarize, to our knowledge, this is the first study to report that faster increases in bone turnover during the MT and greater bone turnover during early postmenopause are risk factors for fracture, even in women with relatively preserved BMD. To further delineate the clinical implications of these findings, future studies must: 1) determine whether it is possible to identify women who are likely to have the fastest increases in bone turnover during the MT and the highest levels of bone turnover in early postmenopause; and 2) examine whether early, short-term anti-resorptive therapy in these women can indeed prevent the rapid increase in bone turnover during the MT. The menopause transition (MT) was operationalized as the period spanning 2 years before to 2 years after the FMP. In all participants, U-NTX was measured at two time points: 1) once around the start of the MT, indicated by #1; and 2) once at the first visit after the MT (early postmenopause), shown as #2. In most women, the first U-NTX measurement was from their last visit before the MT. Some women entered the study after the MT had started; the first U-NTX measurement in these women was their SWAN baseline visit. The rate of increase in U-NTX over the MT was calculated differently in these 2 groups, and is detailed in the text. In our first analysis, we examined whether rate of increase in U-NTX over the MT was associated with incident fracture after early postmenopause. In our second analysis, we assessed whether greater U-NTX in early postmenopause was associated with subsequent fracture. a Count (percentage) for categorical variables; mean (standard deviation) for continuous variables. B The start of the menopause transition (MT) was operationalized as follows: For women who were more than 2 years from their final menstrual period (FMP) at SWAN inception, the start of the MT was operationalized as the last study visit prior to 2 years before the FMP (i.e., just before bone turnover expected to begin increasing). For women who were already within 2 years of their FMP at SWAN inception, the start of the MT was operationalized as the SWAN baseline visit. C The visit in early postmenopause corresponded to the first follow-up visit after 2 years following the FMP (i.e., just after bone turnover was expected to reach its peak and plateau).
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